Abstract. There are many examples of achievements in physics which would not be possible without cooling. Different mechanisms for cooling exist and some will be presented in this introductory talk where we distinguish between " relative" and " absolute" cooling. A short reminder to high and medium energy physics with antiprotons as performed at the accelerators of CERN will be delineated. The success in applying cooling of beams in hadron physics at the internal COSY-11 experiment installed at the cooler synchrotron COSY will be presented. COSY-11 aims for meson production investigations at threshold in nucleon-nucleon collisions. Again, such investigations would not be feasible without cooling especially regarding the precision required and obtained. The need of cooling for the production and trapping of antihydrogen atoms is demonstrated -as an example -by the ATRAP experiment at the CERN antiproton decelerator AD aiming for a comparison of hydrogen (H 0 ) to antihydrogen (H 0 ) atom spectroscopy.
INTRODUCTION
Temperature and especially the control of temperature is one of the most important features of our existence. If the average temperature on earth would be a few percent higher or lower as compared to the long range average it would turn into a dessert planet. If the temperature of elements would be a few thousand degree and there would be no way of cooling, we would experience the total chaos or rather not experience it. Thus, without any doubt it is obvious that cooling and control of cooling is the essential reason for our existence and gives us the opportunity to talk about some of the physics that cooling allows. There is a very good reason to do experiments with cooling since at least 22 Nobel prices from the 98 times it was awarded since 1901 the 'nobel' research was done using cooling in a direct way. And thus it can make people happy as demonstrated by the famous picture of C. Rubbia and S. van der Meer, shown in fi gure 1, when awarded the Nobel price in 1984 for their work in physics of weak interaction which certainly only ever was possible with beam cooling. The cooling applications can be separated in relative and absolute cooling which are qualitatively not that much different. The relative cooling of particles, which we might defi ne as a process keeping the same mean momentum but reducing DP such that the individual particles are running parallel to each other with e distinction in their velocity. The beam cooling reduces the phase space of the beam around a central momentum P 0 (in the z-direction) with small values of x,ẋ, y,ẏ. Such cooling is needed for several reasons when particles are used to produce secondary particles like the fi eld particles of the weak interaction at CERN, meson production at threshold at COSY or hyperon produc- tion with antiprotons at LEAR only to name a very limited selection of the thousands of applications used in high energy or hadron physics. The second cooling phrase concerns the absolute cooling with the central momentum P 0 approaching zero, where a temperature close to the absolute minimum is needed since otherwise the physics just could not be done. Here I would like to only mention the Bose-Einstein-Condensation and to present steps towards the aim of studying properties of antihydrogen in relation to its counterpart the hydrogen atom for investigating CPT symmetry breaking effects. Thus we are facing during this conference the interesting and exciting fi elds of beam cooling techniques, necessary to perform experiments which require at least a certain precision. We will learn about intense cooled beams, intra beam scattering, space charge limits and beam stability, cooling applications and phase space manipulation, and especially correlations with cold beams or cold clouds of charged particles. The different techniques used and applied include electron cooling, stochastic cooling, muon cooling, laser cooling, synchrotron cooling, ion cooling, evaporative cooling, sympathetic cooling, side band cooling, and so on. Here I only can concentrate on a few of them giving some typical examples. For high energy particles in storage rings both electron and stochastic cooling were proven to really work experimentally in 1974 in Novosibirsk [1] and at the Intersecting Storage Rings (ISR) of CERN [2] , respectively. Finally, for the development of the high energy antiproton-proton collider experiments at CERN, the Initial Cooling Experiment (ICE) [3] used the magnets from the g-2 experiment -which later were transferred to the TSL in Uppsala for the CELSIUS ring -and proved extremely successfully the stochastic cooling, as demonstrated by the famous picture shown in the left part of fi gure 2 where 5 · 10 7 circulating protons were fi rst spread out by applying noise on an RF-cavity and then the stochastic cooling was turned on. After 4 minutes the phase space volume of the protons shrank and a narrow momentum distribution was seen. Very recently the fi rst cooling of 8.9 GeV/cp's were reported achieved in the recycler ring at Fermilab. This is a very good and trend-setting result for high energy electron cooling in accelerator physics, congratulations.
Signal Amplitude
Signal Width proportional to Dp/p FIGURE 2. Impressive demonstration of stochastic cooling of the proton momentum at the 2 GeV (2.8 GeV/c) ICE ring of CERN in four minutes. Right: Pioneering electron cooling of 8.9 GeV/cp in the recycler ring at Fermilab. The twop longitudinal (1.75 GHz) Schottky spectra, taken 15 minutes apart, were observed on 07/15/05.
BEAM COOLING AT COSY FOR THE EXPERIMENT COSY-11
COSY-11 is an experiment [4] for medium energy hadron physics at the Cooler Synchrotron COSY [5] of the Research Centre Jü lich. It uses the internal accelerator beam for precision studies to understand the interaction strengths in the various hadronic systems as well as the production and reaction mechanisms of the creation of mesons with and without strangeness. The COSY-11 collaboration concentrates on the threshold region for production of mesons and meson-pairs using a regular internal COSY dipole as a zero degree spectrometer, shown in the left part of fi gure 3, since at threshold the number of participating partial waves is small and thus the interpretation of reaction mechanisms and production processes gets simplest.
A procedure of beam cooling may have the sequence: injection of the beam into the COSY ring, electron cooling at injection energy, beam ramping to the desired particle momentum, stochastic cooling operated during the measurement. (For the COSY-11 experiments mostly the electron cooling at injection energy is not used.) At the right side of fi gure 3, the coincident counting rate of the detectors installed for measuring the elastic scattering demonstrate the strong losses within the fi rst 10 minutes of effective beam target interaction without cooling and the impressive improvement of the luminosity when cooling is turned on. Cooling prevents the beam from blowing up and from moving out of the target range, because the COSY-11 target in front of a dipole is located in a dispersive region and the stochastic cooling compensates the energy loss and keeps the beam momentum at a fi xed value. More important for the physics is of course the reduction of the momentum resolution.
Beam cooling is essential for threshold measurements as it was demonstrated clearly fi rst by the pioneering IUCF experiments of pion production [6] , see fi gure 4 left part, and is illustrated for the COSY experiments further in fi gure 4 where it is shown that the cross sections increase drastically within a few Mev above threshold when increasing the beam momentum. Thus the knowledge of the precise beam momentum as well as a small Dp/p value are mandatory for such kind of investigations.
As an example of the experimental results [7] fi gure 5 shows the missing mass spectrum of the pp → ppX reaction in a range from 0.6 -1 GeV /c 2 (left side) and in the range close to the mass of the h meson (right side). A statistically signifi cant sharp signal due to the creation of the h meson with a mass resolution of less than 1MeV /c 2 is clearly seen over the continuous spectrum resulting from multi-pion production. The COSY-11 detection system permits to measure the momentum vectors of both outgoing protons only. In order to calculate the missing mass of an unobserved neutral system it is necessary to know the momentum of the reacting beam protons. The accuracy of the missing mass reconstruction depends on the spread of the beam momentum and on the precision of the measured momentum of the outgoing protons. The latter is predominantly due to the fi nite dimensions of the interacting region. Thus, both main sources contributing to the inaccuracy of the missing mass determination are due to the geometrical and momentum spread of the proton beam. That is why beam cooling is of great importance for high resolution meson production studies close to threshold. In this special example of h production the beam cooling resulted in a reduction of Dp/p by a factor of 5. A smearing of the h signal by a factor 5 would give a barely visible bump instead of a clear peak.
COOLING OF CHARGED PARTICLE CLOUDS FOR THE PRODUCTION OF ANTIHYDROGEN
Fortunately, accelerator physicists need the H 0 diagnostics in electron cooling experiments with proton beams. This circumstance and the circumspection of our colleagues H. Herr, D. Mö hl and A. Winnacker [8] , who thought already in 1982 about the antihydrogen production in a system of positron-antiproton interaction, similar to the electron cooling, allowed about ten years ago for the fi rst observation of a few atoms of antihydrogen at LEAR [9] , see left part of fi gure 6. The main success of this experiment was the possibility to continue after the closing of LEAR physics with low energy antiprotons at AD/CERN. These fi rst antimatter atoms with velocities of about 95% of the speed of light should be considered as a proof of principle to synthesize antihydrogen because high precision spectroscopic studies need cold antihydrogen where trap experiments are the right tools. The fraction of antihydrogen atoms trappable as a function of trap depth and temperature is shown in the right part of fi gure 6 which demonstrates drastically the need of very cold antihydrogen atoms to be useful for studying its properties. With superconducting magnets fi eld gradients of about 1 Tesla are achievable corresponding to trap depths of 0.67 K.
For the trapping of ions as well as the production and trapping of antimatter atoms electro-magnetic traps (penning traps, nested traps, Ioffe traps) are commonly used which act as very small but still macroscopic storage rings. . Left: Layout of the experiment which fi rst observed the production of a few antihydrogen atoms, with the exit window which was already installed due to suggestions described in [8] Right: Trapping effi ciency as a function of trap depth in K and temperature.
To trap antiprotons an energy reduction from the production energy by several orders of magnitude is needed. Figure 7 shows the AD preparation sequence for an extracted antiproton beam. The antiprotons are injected into the AD at 3.5 GeV/c and decelerated to 100 MeV/c with stochastic cooling at 2 GeV/c and electron cooling at 300 MeV/c and 100 MeV/c to minimize the beam losses. Each 85 seconds, close to the design value of 60 seconds) a bunch of fast extractedp's (≈ 3 × 10 7p 's in ≈ 80 ns) is delivered to the experiments. In the next step the antiprotons enter into the trap via a degrader of about 100 m Beryllium to reduce the 5 MeV particles to energies which are optimized for trapping them in a 4 keV potential. This step includes no cooling mechanism and a very large amount ofp's is lost due to energy smearing and mutiple scattering and via annihilation in the degrader material. Only up to about 20 000p's i.e. less than 0.1 % can be trapped. That is why the community at the AD is preparing a proposal for a further deceleration ring ELENA [10] , which is depicted in fi gure 8, to minimize such losses. If ever reality such a ring should be placed between the AD and the experiments. As a fi rst step towardsH 0 production antiprotons are captured and cooled with electrons within the Penning trap, where a 5.4 Tesla magnetic fi eld is directed along the vertical axis of a stack of copper ring electrodes cooled to liquid helium temperature. When a bunch ofp's from the AD enters the trap is opened by grounding the degrader as indicated in fi gure 9 (right). Before thep's can return to the entrance, refl ected from the potential barrier at the top of the trap, the potential at the window degrader is turned on to negative potential and thus thep's are trapped. The cyclotron motion of electrons cools via spontaneous emission of synchrotron radiation with a 0.1 s time constant and therefore for electron cooling of thep's electrons were loaded before in short wells. After the trappedp's are cooled into the electron wells the potential barrier at the degrader is reduced again for the next injection of a stack of newp's from the AD. The left hand side of fi gure 9 [11] demonstrates that a large number ofp's can be accumulated by this stacking method showing a linear increase with the number ofp bunches injected, here up to 32. After the required number ofp's are trapped the electrons are released from the trap and thep's are launched through a positron cloud in a nested Penning trap confi guration which cool thep's like the electrons. Figure 9 shows a systematic study of the time dependence ofp cooling with positrons [12] in a potential structure as given in the right part of the fi gure. When the two speciesp and e + were interacting, antihydrogen atoms were produced routinely at ATHENA [13] and ATRAP [14] during the last two years. Detailed studies [15] concerning shape parameters of the antiproton (p) and positron (e + ) clouds, N-state distribution of the produced RydbergH 0 andH 0 velocity have been performed to improve the production effi ciency of usefulH 0 atoms.
As schown in fi gure 10, the velocity measurement [16] indicates a kinetic energy of theH atoms of ≈ 200 meV (2400 K in temperature units) which is much too high for H trapping experiments and has to be reduced. Studies in this direction were performed and will be continued with the next beam time. ATRAP demonstrated also a second, entirely new method for producing slowH 0 atoms [17] . Two lasers excite Cs atoms to high Rydberg states Cs * . Two resonant charge exchange collisions [18] transfer the laser-selected Cs * binding energy to an excited positronium -(Ps * ) and then to an excitedH 0 * atom. Very slowH 0 * atoms are expected since a Ps * transfers little kinetic energy to ap (which is at liquid He temperature) as H 0 * forms. As soon asH 0 are trapped another cooling mechanism, the laser cooling, will be applied to further reduce the velocity of the antihydrogen atoms.
APPLICATION AND OUTLOOK
Finally fi gure 11 shows an impressive application of a technique which has in principle been developed for stochastic cooling purposes and which was installed at the unique combination of the fragment separator and the storage-cooler ring facilities at GSI/Darmstadt, see reference [19] . m Sm 754 keV 33800 33900 34000 34100 34200 34300 34400 34500
(1 particle) (1 particle) m/ m 700000 DF IGURE 11. Example of a Schottky frequence spectrum with lage bandwidth. The prominent lines are labelled.
Here masses were measured with time-resolved Schottky mass spectrometry and many masses were obtained for the fi rst time. A typical mass accuracy of 30 mu was achieved. With the new developed technique it became possible to trace the properties of stored ions in time. The frequency-peak shifts due to Coulomb interaction between the ions with similar mass-to-charge ratios could be detected and analyzed. This method proved to be so successful that a new generation of Schottky mass measurements will be opened up with the construction of the new Super-fragment-separator [20] and the new CR-RESR-NESR [21] ring complex within the FAIR project [22] . I hope I could demonstrate that cooling is a very essential tool in all kind of physics, here shown for the production experiments in hadron physics serving precision and intensity as well as for trapping the very expensive antihydrogen atoms. Since traps with a magnetic gradient are rather shallow, extremely cold atoms are needed. Laser cooling of hydrogen atoms in a magnetic trap has been done using a pulsed Lyman-a source [23] . A continuous source presently under development at the MPQ in Garching should be favourable, since it will provide a larger rate for laser cooling. Experiments to measure antimatter gravity can most likely only be done with temperatures < mK. In ref [24, 25] novel schemes have been outlined to cool antihydrogen atoms at these ultra low temperatures. There certainly is an exciting future ahead of us, now in short terms during this conference and on a longer time scale in physics that cooling allows.
